This study was conducted to comprehensively investigate the fundamental properties of Ti-6Al-4V alloy produced by the selective laser melting (SLM) method. The examined materials were three SLM materials having different axial directions. For comparison, wrought material of Ti-6Al-4V alloy was also examined. The results showed that the densities of the SLM materials were adequately high and more than 99.9% of that of the wrought material. The SLM materials possessed a columnar microstructure extending along the building direction. This microstructure was mainly composed of the acicular α martensite phase. Due to the generation of the ne α phase, the static strength of the SLM materials was markedly higher than that of the wrought material although their elongation was lower. There was anisotropy in the static strength and the ductility of the SLM materials. In spite of the higher tensile strength, the fatigue strength of the SLM materials was much lower than that of the wrought material since molding defects may induce stress concentration and accelerate the generation of fatigue cracks.
Introduction
Additive manufacturing (AM) is an innovative processing method that can make metal products with arbitrary three-dimensional shapes from computer-aided design (CAD) data 1, 2) . In this method, a high energy beam is scanned on a powder bed, obeying slice data derived from CAD data. Selectively melted layers are then piled up one-by-one and the desired products are completed. As the high energy beam, a laser beam or an electron beam is generally used. Depending on the kind of beam, AM is categorized as either the selective laser melting (SLM) method used in this study or the electron beam melting (EBM) method.
Medical implants are a suitable application for AM because they have complicated shapes and are made from processing-resistant materials such as titanium alloys. By applying this method, we can create implants with shapes optimized for individual human bodies 3, 4) and also reduce the implant weight by introducing appropriate open cellular or porous structures [5] [6] [7] . Such tailored implants can reduce the physical burden or damage to the body.
However, some studies have reported that the fatigue strength of Ti-6Al-4V alloy produced by AM is much lower than that of the wrought material [8] [9] [10] [11] . This issue must be overcome in order to apply AM to various products including medical implants. Our previous studies showed that the fatigue strength of Ti-6Al-4V alloy (wrought material) was markedly improved by short-time heat treatment 12, 13) , hybrid surface treatment 14, 15) and their combination 16, 17) . These treatments have a high potential to improve the fatigue strength of Ti-6Al-4V alloy produced by the AM method.
AM technology has progressed rapidly in recent years. Before investigating the effects of the various treatments, we needed to clarify the current performance of AM materials. Therefore, this study was conducted to comprehensively investigate the fundamental properties of Ti-6Al-4V alloy produced by the SLM method (SLM material).
The examined materials were three SLM materials with different axial directions and the wrought material of Ti6Al-4V alloy for comparison. We conducted density measurement, observation of molding defects, microstructural observation, electron back-scatter diffraction (EBSD) analysis, X-ray diffraction, hardness measurement, tensile tests, fatigue tests and X-ray residual stress measurement. The fracture surfaces of the tensile and fatigue specimens were observed by scanning electron microscopy (SEM). Table 1 shows the chemical compositions of powders used for the SLM materials. The average diameter of powders was about 50 μm. During the SLM process, the chamber was lled up by shielding gas (Ar) and the oxygen concentration was maintained at 0.07-0.12% to avoid oxidization. Figure 1 shows the macroscopic features of the round bars produced by the SLM method. The round bars were of diameter 14 mm and length 91 mm. The tilt angles of the axial directions were 0 , 45 and 90 to the plane normal to the The above materials were machined to the four types of specimen shape shown in Fig. 2 . The test sections of all the specimens except those for density measurement were polished to mirror surfaces by emery papers (#400-#2000), alumina powders (#3000) and silicon dioxide suspension (diameter: 80 nm).
Materials and Experimental Procedures

Materials
Experimental procedures
The density of each material was measured by the Archimedes principle using an electronic precision balance. Each density measurement was made three times and the average values were used. The relative densities of the SLM materials were obtained against the density of W material. Molding defects were observed on the cross sections of the SLM materials by an optical microscope and SEM.
The microstructures of W and SLM90 materials were optically observed on the RD and AD planes. Before the observation, the surfaces of the specimens were nished to mirror surfaces in the same manner described in Section 2.1 and then etched with Kroll s etchant. EBSD analysis was also carried out on both planes and the inverse pole gure (IPF) maps, the phase maps and the pole gures were obtained. For all the materials, the X-ray diffraction was conducted on the AD plane. The test conditions were as follows: (1) Hardness was measured by a micro-Vickers hardness tester under a test force of 2.94 N and retention time of 15 s. The measurement was made ten times each on the AD plane and the average values were taken. The tensile test was performed at room temperature in air. Strain was measured by strain gauges pasted to the test sections. The features of the fractured tensile specimens were macroscopically observed and their fracture surfaces were observed by SEM. The plane-bending fatigue test was carried out under a stress ratio R = −1 and cyclic speed of 25 Hz at room temperature in air. The fatigue fracture surfaces were observed by SEM.
X-ray residual stress measurement was conducted on the test sections of the fatigue specimens in the axial direction ( Fig. 2(d) ). For the SLM0 and SLM45 materials, the residual stress was measured on both upper and lower sides. The sin 2 ψ method was used and the peak search was performed with the half-width center method 18) . The measurement conditions were as follows: (1) Figure 3 shows the features of the molding defects observed on the cross sections of the SLM materials. In Table 2 , the densities and the relative densities are shown. The other results in this table are explained later.
Results and Discussion
Molding defects and densities
As shown in Fig. 3 , there were small molding defects in the SLM materials. It has been reported that such molding defects are formed in the SLM process by trapped shielding gas and insuf cient melting of powders 11) . Since the molding defects were very small (diameter 30-40 μm), their total volume was small. As a result, the densities of the SLM materials were adequately high and more than 99.9% of that of W material (Table 2 ). Figure 4 shows the optically observed microstructures of W and SLM90 materials. This gure includes the IPF maps and the phase maps obtained by the EBSD analysis. Figure 5 shows the pole gures of the above materials concerning the α phase (hcp) and the β phase (bcc). Figure 6 shows the proles of the X-ray diffraction obtained from all the materials. In W material, the X-ray diffraction pro le showed the microstructure to consist of the α phase and the β phase (Fig. 6 ). As understood from Fig. 4 , the α phase was equiaxial and the ne β phase existed around α grains. Its pole gures showed that the α phase possessed one of the typical textures (basal/transvers texture) developed by rolling (Fig. 5) 19) . As shown in Fig. 4 , the microstructure of the SLM material was columnar and completely different from that of W material. Hereafter, this microstructure is called columnar microstructure . Since the columnar microstructure was grown in the BD direction during the SLM process, it looked like a bundle of small columns when observed on the BD plane. According to Refs. 9,20,21), the above microstructure is typical in SLM and EBM materials made from powders of Ti-6Al-4V alloy.
Microstructures
The following mechanism has been proposed to explain the formation of the columnar microstructure 21) : In the SLM process, laser irradiation melts newly-fed powders on the previously solidi ed layers. Under the melted layer, the previously solidi ed layers are heated beyond the β transus temperature (1271 K) and retransformed to the β phase. Epitaxial growth then occurs from the retransformed layers into the melted layer. This process is repeated and the columnar microstructure grows in the BD direction.
As understood from Fig. 4 , the columnar microstructure was mainly composed of a ne acicular phase. In the SLM process, the β phase is rapidly cooled by the shielding gas after the epitaxial growth mentioned above. Therefore, we considered that the generated acicular phase was the α martensite phase. The same conclusion has been drawn in other studies 21, 22) . Before the transformation to the α phase, the prior β phase in each columnar part had the same orientation, resulting from the epitaxial growth. As a result, the generated α phase possessed a crystallographic texture (Fig. 5 ) and its orientation in each columnar part belonged to the same variants (IPF map in Fig. 4 ) 22, 23) . The very ne β phase was also observed in the phase map of the SLM material (Fig. 4) . As understood from Fig. 5 (white circles), there was a Burger s orientation relationship ((0002)α//{110}β) between the α (α ) phase and the β phase on the AD (BD) plane. In the pro les of the X-ray diffraction (Fig. 6) , the peaks of the α phase were not recognized. The crystal structures of the α and α phases are hexagonal close-packed (hcp) structures. Therefore, their peaks are, in general, somewhat dif cult to separate clearly. Moreover, no peak corresponding to the β phase was found in the SLM materials. One of the possible causes for the above discrepancy was considered to be as follows: Since Ti-6Al-4V alloy was rapidly heated beyond the β transus temperature and cooled, the α phase was generated.
At the same time, the β phase may partially remain as a metastable phase due to insuf cient diffusion of the β stabilizer (V) 24) . It was considered that the remaining β phase was metastable in the SLM materials because laser-irradiated points are rapidly heated and cooled in the SLM process. According to Ref. 25) , since the inter-planar spacing is nearly the same between the α phase and the metastable β phase, their diffraction angles are almost the same. As a result, the X-ray diffraction was not able to differentiate the β phase from the α phase in the SLM materials 24, 25) . Table 2 shows the mechanical properties and hardnesses of all the materials. Figure 7 shows the features of the tensile fracture surfaces and the fractured specimens.
Mechanical properties
As mentioned in the previous section, the columnar microstructure of the SLM materials was mainly composed of the α phase. This meant that rapid heating and cooling in the SLM process had a heat treatment effect similar to the short-time heat treatment 12, 13, 25) . Indeed, the static strength (yield strength and tensile strength) and the hardness of the SLM materials were much higher than those of W material ( Table 2) .
The columnar microstructure of the SLM materials grew in the speci c direction (BD direction) and the crystallographic texture formed. Consequently, an anisotropy was induced in the static strength. SLM45 material showed the highest static strength among the SLM materials.
As understood from Fig. 7 , the fracture surfaces of the SLM materials showed ductile features with dimples. However, their elongation was lower than that of W material. The ductility of the wrought material (Ti-6Al-4V alloy) heated over the β transus temperature, in general, is low because its microstructure exhibits the acicular α phase (Widmanstätten structure) in addition to growth of the prior β grains. According to our previous study, moreover, when short-time heat treatment (heating time 60 s) was performed above the β transus temperature, the ductility of the wrought material (Ti-6Al-4V alloy) was greatly decreased because of the grown prior β grains composed of the α phase 26) . From the above factors, we considered that the coarse columnar microstructure caused the reduction of the elongation in the SLM materials.
SLM90 material showed cup-and-cone type fracture and its reduction of area was as high as that of W material. In contrast, SLM0 and SLM45 materials showed different fracture features and their reduction of area was lower. We considered that the growth direction of the columnar microstructure and the orientation of the crystallographic texture induced an anisotropy in the plastic deformation ability. Figure 8 shows the S-N curves of all the materials. In this gure, a dash mark means that fatigue cracks were generated from internal molding defects. Figure 9 shows the fatigue fracture surfaces near the crack initiation sites. In Table 2 , the residual stress and the fatigue strength of each material are shown. For SLM0 and SLM45 materials, the residual stresses were measured on both upper and lower sides of the fatigue specimens (Fig. 2(d) ).
Fatigue properties
In spite of the higher static strength of the SLM materials, their fatigue strength was markedly lower than that of W material as seen from Fig. 8 and Table 2 . It has been reported by Refs. [8] [9] [10] [11] 21 ) that Ti-6Al-4V alloy produced by AM has low fatigue strength.
The fracture surface of W material showed that the fatigue crack was generated from the surface and propagated inside in a radial pattern (Fig. 9) . In contrast, the fracture surfaces of the SLM materials revealed that the fatigue cracks developed from molding defects. If many fairly large defects were formed in SLM materials and mainly controlled their fatigue life, such large defects should have been found on the fatigue fracture surfaces. However, the sizes of the molding defects observed on the fatigue fracture surfaces were around 30-50 μm (Fig. 9) . The sizes of the observed molding defects were almost the same as those of the typical defects shown in Fig. 3 . In the scope of this study, therefore, it was considered that the relatively small molding defects existing near the surfaces controlled the fatigue properties of SLM materials.
In general, once a fatigue crack is generated in titanium, it continues to propagate without stopping until nal fracture 27) . That is, since the fatigue strength of titanium is strongly controlled by the stress amplitude at which a crack is generated, it is sensitive to the stress concentration. As a result, the stress concentration by molding defects accelerated the initiation of fatigue cracks and reduced the fatigue strengths of the SLM materials.
In Ref. 28 ), Ti-6Al-4V alloy (wrought material) was fatigue-tested under vacuum conditions. According to this reference, oxygen absorption on the fresh slip planes and newly formed crack surfaces was suppressed under the vacuum conditions, so that reverse slips and re-adhesion of crack surfaces were induced. As a result, the threshold of the stress intensity factor range became higher and the crack Fig. 8 S-N curves . Fig. 9 Features of fatigue fracture surfaces.
growth rate was reduced under the vacuum conditions. In the molding defects of SLM materials, there was a high possibility that the oxygen content was very low because the chamber was lled up by shielding gas (Ar) during the SLM process. Therefore, it can be considered that the crack initiation and propagation from the molding defects was more dif cult from the internal defects than from the surface defects. Figure 8 indicates a large data spread in the fatigue life of the SLM materials. Based on the consideration mentioned above, the generation and propagation of fatigue cracks from internal molding defects was more dif cult than those from the surface. As a result, the fatigue life of the SLM materials was longer when the cracks developed from the internal molding defects. The above consideration suggested that the positional distribution of the molding defects affected the fatigue life of the SLM materials and caused the large data spread.
The fatigue strength of SLM0 material was slightly higher than those of SLM45 and SLM90 materials. For the wrought material of Ti-6Al-4V alloy, the in uence of the texture on the fatigue strength has been reported by Ref. 29) . In the SLM materials, however, the positional distribution of the molding defects was the factor that most greatly affected the fatigue life, as mentioned above. As a result, we considered that the difference in the fatigue strength of the SLM materials was probably caused by the presence of molding defects at the surfaces of the specimens.
As shown in Table 2 , although compressive residual stress was induced at the surfaces of all the materials, its absolute values were not so high. Within the scope of this study, no relationship was found between the residual stress and the fatigue strength. As mentioned, the fatigue cracks were generated in the SLM materials from not only the surfaces but also from the inside. In future, therefore, further residual stress measurement through the whole cross-sectional area will be needed to clarify its in uence on fatigue strength.
Conclusions
(1) Small molding defects were formed in the SLM materials. The densities of the SLM materials were adequately high and more than 99.9% of that of the wrought material.
(2) The SLM materials had a columnar microstructure extending along the building direction. The inside of this microstructure was mainly composed of the ne acicular α martensite phase.
(3) The static strength of the SLM materials was markedly higher than that of the wrought material although their elongation was lower. There was an anisotropy in the static strength and the ductility of the SLM materials.
(4) In spite of the higher tensile strength, the fatigue strength of the SLM materials was much lower than that of the wrought material since the molding defects may induce stress concentration and accelerate the generation of fatigue cracks.
